Abstract Clusterin, a protein chaperone found at high levels in physiological fluids, is expressed in nervous tissue and upregulated in several neurological diseases. To assess relevance to amyotrophic lateral sclerosis (ALS) and other motor neuron disorders, clusterin expression was evaluated using long-term dissociated cultures of murine spinal cord and SOD1
Introduction
Clusterin, also called apolipoprotein J, sulfated glycoprotein-2, secreted glycoprotein gp80, complement lysis inhibitor, testosterone-repressed prostate message 2 (TRPM-2), or complement-associated protein SP40-40, is found at high level in physiological fluids (seminal fluid, blood plasma, and cerebral spinal fluid) and is expressed constitutively at variable levels in a wide variety of tissues (Rizzi et al. 2009 ). At least two transcripts are derived from use of distinct promoters in the clusterin gene, but multiple protein isoforms have been identified (Rizzi et al. 2009 ). The mature secreted form of the protein is a glycosylated, 75-80-kDa disulfide-linked heterodimer of α and β subunits (produced by internal cleavage) and shares homology with the small heat shock protein family of molecular chaperones . Clusterin has been compared to heat shock proteins (HSP) due to its chaperoning activity and increased expression following cellular stress (Nizard et al. 2007; Poon et al. 2000; Wilson and Easterbrook-Smith 2000) . In fact, the heat shock transcription factors, Hsf1 and Hsf2, can activate transcription of the clusterin gene by binding to the 14-bp CLE element in the clusterin promoter, which differs by only one base from the conserved heat shock element (HSE) in the promoter of heat shock genes .
Clusterin also exists as a nuclear, unglycosylated 60-kDa protein (Nizard et al. 2007 ). Nuclear clusterin is thought to promote cell death by inhibiting DNA repair through binding to Ku70 (Leskov et al. 2003; Yang et al. 2000) . On the other hand, accumulation of clusterin in the cytosol is associated with cell survival. Stress-induced translocation of clusterin from the endoplasmic reticulum to the cytosol has been demonstrated (Nizard et al. 2007 ) and could prevent apoptosis by antagonizing Bax, preventing mitochondrial release of cytochrome c and consequent caspase activation (Zhang et al. 2005) . In fact, downregulation of clusterin by siRNA induced apoptosis in cancer cells (Trougakos and Gonos 2006) . On the other hand, ectopic expression of high levels of clusterin damaged mitochondria (Debure et al. 2003) . Thus, the regulation and biological effects of clusterin are complex and circumstance dependent.
In the nervous system, clusterin is widely expressed in neurons, being prominent in spinal cord motor neurons and pontobulbar neurons, and in astrocytes (Charnay et al. 2008; Pasinetti et al. 1994; Van Beek et al. 2000; Wiggins et al. 2003) . In keeping with a role in stress response in the nervous system, clusterin is upregulated in experimental models of traumatic brain injury (May et al. 1992) , nerve crush (Bonnard et al. 1997; Ohlsson et al. 2003) , and status epilepticus (Dragunow et al. 1995; Schreiber et al. 1993) , as well as in a variety of neurological conditions including multiple sclerosis (Rithidech et al. 2009 ) and Alzheimer's disease (Ghiso et al. 1993; Giannakopoulos et al. 1998; Lidstrom et al. 1998; May et al. 1989; Polihronis et al. 1993) . A recent report identifies polymorphism in CLU as a risk factor for Alzheimer's disease.
Amyotrophic lateral sclerosis (ALS) is a fatal, adultonset, neurodegenerative disorder characterized by gradual loss of muscle function due to death of motor neurons in the cortex, brain stem, and spinal cord. Mutations in several genes have been linked to familial forms, including fALS1 due to dominant mutations in SOD1 (Rosen et al. 1993) . Evidence points to misfolding and altered solubility of the mutant protein as the underlying gain of toxic function leading to disease, with multiple downstream effects including mitochondrial abnormalities, calcium dysregulation, and formation of cytosolic protein aggregates (Boillee et al. 2006) . Inducing expression of HSPs [stress-inducible Hsp70 (HspA1) and Hsp40 (DNAJ)] is protective in cell culture models, including a primary culture model developed in our laboratory by expressing wild-type or mutant SOD1 in primary motor neurons of dissociated spinal corddorsal root ganglion (DRG) cultures (Batulan et al. 2006) . In addition to accumulating in the cytoplasm, mutant SOD1 is secreted from cells and thus could exert toxicity through extracellular mechanisms (Turner et al. 2005; Urushitani et al. 2006 ). We therefore asked what effect expression of mutant SOD1 or treatments known to induce HSPs would have on the expression and secretion of clusterin from spinal cord cells, given that clusterin is a stress protein, cytosolic clusterin is protective, and secreted clusterin can prevent the aggregation of misfolded proteins in the extracellular milieu (Poon et al. 2000) .
In this study, the distribution of clusterin was examined in motor neurons and astrocytes of long-term (3-6 weeks) spinal cord-DRG cultures using antibodies recognizing either nuclear clusterin or cytoplasmic/secreted clusterin. Each cell type expressed both nuclear and cytoplasmic clusterin, the strong constitutive expression of nuclear clusterin arguing against an apoptotic role. In addition, clusterin was secreted into the culture medium. Our previous studies using this model showed that motor neurons have a high threshold for stress-induced upregulation of HSPs, but astrocytes mount a robust stress response (Batulan et al. 2003) , replicating the properties of these cells in vivo (Manzerra and Brown 1996) . However, thermal stress sufficient to induce expression of Hsp70 in astrocytes failed to increase expression of clusterin in either astrocytes or motor neurons. In contrast to heat shock, treatment of spinal cord-DRG cultures with the Hsp90 inhibitor, geldanamycin, did induce expression of nuclear and cytoplasmic clusterin in both motor neurons and astrocytes, as previously shown for Hsp70 and Hsp40 (Batulan et al. 2003 (Batulan et al. , 2006 . Thus, clusterin could contribute to the neuroprotective properties of Hsp90 inhibitors. Expression of mutant SOD1 in cultured motor neurons or astrocytes did not alter clusterin expression. In lumbar spinal cord of overtly symptomatic SOD1 G93A mice, the major finding was strong immunolabeling of mutant SOD1 inclusions, a hallmark of disease, in common with other proteins associated with protein quality control. The data indicate both commonalities and differences in the regulation of clusterin and other stress-inducible genes, depending on the cell type, conditions, and type of stress, in keeping with the complex regulation of these genes.
Materials and methods

Dissociated spinal cord-DRG cultures
Primary dissociated spinal cord-DRG cultures were prepared from embryonic day 13 CD1 mice (Charles River Laboratories, Saint Constant Canada) as previously described (Durham et al. 1997) . Briefly, spinal cords with attached DRGs were removed, dissociated in trypsin (Life Technologies, Burlington Canada) and plated at a density of 350,000-400,000 cells on 18-mm glass coverslips coated with poly-D-lysine (Sigma-Aldrich, St. Louis, MO) and Matrigel (BD Biosciences, Mississauga, Canada). Cultures were maintained in a modified N3 medium supplemented with 2.5 % horse serum (Life Technologies). At 90 % confluency (about 4-6 days from initial plating), cultures were treated with 1.4 μg/mL cytosine-β-D-arabinoside (EMD Millipore, Billerica, MA) for 4-5 days in order to inhibit proliferation of non-neuronal cell types. Motor neurons were identified in 3-6-week-old cultures by their large size and morphology as previously described (Roy et al. 1998 ).
Immunocytochemistry (cultures)
Cells were fixed in 3 % paraformaldehyde in phosphatebuffered saline (PBS), blocked in 5 % horse serum in PBS (30 min at room temperature (RT) or 24 h at 4°C), and incubated with primary antibody for 45 min at RT. Samples were washed (3 × 4 min) with PBS and incubated with secondary antibody for 30 min. After washing, coverslips were mounted onto glass slides using Immunomount (Fisher Scientific, Ottawa, Canada) and stored at 4°C.
Semi-quantitative analysis of protein expression in situ Following labeling of the protein of interest by immunocytochemistry, intensity of epifluorescence in individual cells was measured using Universal Imaging MetaFluor® Software (Molecular Devices, Sunnyvale, CA). Images were captured using a Hamamatsu cooled CCD camera (Hamamatsu Photonics K.K., Japan), and labeling was quantified by tracing individual cells and measuring average pixel density using Metafluor. Fluorescent images were captured within the linear range of pixel density. Approximately 30 neurons per coverslip were measured.
SDS-PAGE and Western blotting
For detection of intracellular proteins, cultures were rinsed with cold PBS, harvested in Tris-EDTA (TE) buffer, and sonicated for 3-s pulses at power 50. Samples were centrifuged at 18,000×g for 10 min. For detection of secreted proteins, cultures were placed in serum-free medium (serum contains high levels of clusterin). The medium was harvested after a minimum of 24 h and clarified by centrifugation at 21,000×g for 5 min. The supernatant was concentrated using 10-kDa-cut-off Nanosep tubes (Pall Corporation, Mississauga, Canada) by centrifugation at 14,000×g for 10 min. The retained volume was adjusted to 100 μL using TE buffer. Cells from the same cultures were harvested concomitantly. Protein concentrations for both cell lysates and culture media were determined using the DC Protein Assay Kit I (Bio-Rad, Mississauga, Canada). Cell lysate (15 μg/mL) and culture medium (25 μg/mL) were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) using 10 % acrylamide gels.
To detect clusterin using the SC-8354 primary antibody, samples were run under reducing conditions (3 % β-mercaptoethanol), but non-reducing conditions were used for analysis using the SC-6419 primary antibody (under reducing conditions, a protein smear was obtained). Gels were transferred to nitrocellulose membranes and subjected to Western analysis, using 5 % skim milk to block nonspecific binding (1 h at RT). Primary antibodies were applied overnight at 4°C, followed by washing 3×10 min and incubation with HRP-conjugated secondary antibody for 1 h at R.T. Loading controls were bovine serum albumin (BSA) for secretion experiments or actin or Hsc70 for culture lysates. After washing, blots were developed using the ECL detection system (Perkin Elmer, Waltham, MA). Band intensities were quantified using NIH Image J software and pixel density for proteins of interest normalized to the corresponding loading control.
Antibodies
Primary antibodies used for immunocytochemistry (IC) and Western blotting (WB) were goat anti-clusterin antibody (Santa Cruz Biotechnology, Dallas TX, SC-6419; 1:50 for IC and 1:500 for WB), rabbit anti-clusterin antibody (Santa Cruz, SC-8354; 1:50 for IC, 1:500 for WB), rabbit anti-glial fibrillary acidic protein (GFAP) antibody (DAKO, Burlington Canada, Z0334; 1:400), mouse anti-GFAP (Sigma-Aldrich, G3893; 1:400), mouse anti-SOD1 antibody (Sigma Aldrich, SD-G6; 1:400), mouse anti-Hsp70 (BioLynx Inc, Brockville Canada, SPA 810; 1:1,000), and mouse anti-bovine serum albumin (Sigma-Aldrich, B2901; 1:400). Secondary antibodies for IC were donkey anti-goat Cy3 (Jackson ImmunoResearch, Westgrove PA; 1:400) and donkey anti-rabbit Cy3 and Cy2 (Jackson ImmunoResearch; 1:400). Secondary antibodies for WB were donkey anti-goat conjugated to horseradish peroxidase (HRP; Jackson ImmunoResearch; 1:5,000), donkey antirabbit HRP (Jackson ImmunoResearch; 1:5,000), and goat anti-mouse HRP (Jackson ImmunoResearch; 1:5,000).
Specificity of clusterin antibodies was determined by standard preabsorption assay. Each antibody (diluted 1:500) was incubated with 500 ng/mL recombinant clusterin protein (R&D Systems-Cedarlane, Burlington, Canada, 2747-HS). The antibody-antigen complex was incubated for 24 h at 4°C, followed by centrifugation. The supernatant was collected and used as primary antibody for Western blotting (data not shown).
Induction of cellular stress by heat shock
Briefly, coverslips were transferred to 35-mm dishes containing 2 mL of incubation medium (Delbecco's minimum essential medium enriched with 5 g/L, pH 7.4). Dishes covered and sealed with Parafilm were floated in a 43°C water bath for 30 min followed by a recovery period in regular culture medium at 37°C, in a 4 % CO 2 humidified incubator. Clusterin expression was assayed by immunocytochemistry after fixation at 1, 6, 24, and 48 h post-heat shock. Cell viability post-heat shock was assessed by Trypan Blue exclusion.
Induction of cellular stress by expression of mutant SOD1
To express human wild-type or mutant SOD1 in astrocytes of spinal cord-DRG cultures, cultures were transfected with pcDNA-SOD1
WT or pcDNA-SOD1 G93A using Lipofectamine TM 2000 Transfection Reagent (Life Technologies) according to manufacturer's instructions (2 μL lipofectamine per each 50 μL of Opti-MEM medium; 2 μg plasmid/coverslip). Gene transfer into motor neurons was accomplished by intranuclear microinjection of 30 μg/mL plasmid along with a 70-kDa dextran-FITC marker (30 μg/mL; Life Technologies), as previously described (Durham et al. 1997 ) as they are not amenable to liposome-mediated transfection. Expression of human SOD1 was verified by immunocytochemistry using the SD-G6 anti-SOD1 antibody (Sigma-Aldrich), which does not cross-react with the endogenous murine SOD1.
SOD1
G93A transgenic mice
The B6SJL-TgN(SOD1 G93A )1Gur mouse line, transgenic for human SOD1 with the ALS-associated mutation, G93A, was maintained in the animal facility at the Montreal Neurological Institute. Mice hemizygous for the transgene were obtained by breeding hemizygous males with nontransgenic B6SJL females, genotyping conducted according to JAX's protocol. All experiments were approved by the McGill University Animal Care Committee and followed the guidelines of the Canadian Council on Animal Care. For this study, approximately three transgenic and three nontransgenic littermates from the same litter were sampled at each of postnatal day (P) 45 (early presymptomatic), P80 (presymptomatic before significant neuronal loss), and at symptomatic stage (>P140). SOD1 G93A transgenic mice were designated "symptomatic" by positive hindlimb extensor reflex (Gurney 1994) .
For immunohistochemistry, mice were euthanized by CO 2 followed by cervical dislocation, frozen in isopentane cooled to −35 to −40°C and stored at −80°C. Tissue blocks were prepared containing the lumbar spinal cord with the spinal ganglia, roots and rootlets, nerves, vertebrae, and muscles. For simultaneous processing of tissues from each experimental group, 10-μm-thick coronal sections were mounted on microslides (Fisherbrand Superfrost Plus, in an array with three sections from each of four mice on each slide (nontransgenic and different aged SOD1 G93A transgenic). Antibodies and parameters for fixation and immunohistochemistry are presented in Table 1 .
Statistical analysis
Statistical significance was assessed using a two tailed t test, one-way ANOVA, or two-way factorial ANOVA for independent samples. Results were considered significant at p<0.05. Culture experiments were completed in triplicate and results verified in one to two additional culture batches.
Results
Clusterin expression in motor neurons and astrocytes
Intracellular distribution and secretion of clusterin were evaluated in dissociated mouse spinal cord-DRG cultures using two commercially available antibodies (Santa Cruz SC-6419 and Santa Cruz SC-8354). Clusterin immunolabeling in situ varied depending on the antibody used, SC-6419 detecting cytoplasmic clusterin (Fig. 1a) and SC-8354 detecting nuclear clusterin (Fig. 1b) . Astrocytes were identified by double labeling with antibody to GFAP, a classic astrocytic marker (Fig. 1a, b) . Motor neurons were identified based on size and morphology, as previously validated by neuronal markers (Roy et al. 1998) . Expression of nuclear clusterin in astrocytes and motor neurons was constitutive in apparently healthy cells, contrary to previous reports that nuclear clusterin was associated with a loss of cellular integrity or cell death (Leskov et al. 2003; Yang et al. 2000) . Specificity of labeling was demonstrated by preadsorbing antibodies with recombinant clusterin (data not shown).
Clusterin is a secreted protein and serves as an extracellular chaperone. Western blot analysis showed that antibody SC-6419 also detected clusterin secreted from spinal cord-DRG cells, accumulating in the culture medium collected at 24, 48, and 72 h of incubation in fresh, serum-free medium (Fig. 1a) . Serum-free medium was used because serum contains substantial amounts of clusterin (data not shown).
Clusterin expression was not induced by heat shock
Heat shock induces expression of HSPs (Hsp70 and Hsp40) in astrocytes, but not in motor neurons, of dissociated spinal cord cells (Batulan et al. 2003) . To determine the effect of heat shock on clusterin expression, mouse spinal cord-DRG cultures were heat shocked (shown are results at 43°C for 30 min) and assessed at recovery times up to 72 h. Clusterin levels specifically in motor neurons and non-neuronal cells were measured in cultures immunolabeled with anticlusterin (SC-6419 or SC-8354). Expression was quantified as the mean pixel density/unit area of epifluorescence of antibody labeling in defined regions of interest, as described in "Materials and methods." Heat shock failed to induce expression of clusterin in either cell type (Fig. 2) . This finding was validated on Western blots of total culture lysates, showing increase in expression of stress-inducible Hsp70 (positive control) but not clusterin or constitutively expressed Hsc70 (commonly used as a negative loading control for shock experiments (Didelot et al. 2008) ). Thus, clusterin protein levels in mouse spinal cord-DRG cultures were not increased following induction of cellular stress by heat shock nor did heat shock increase clusterin secretion (Fig. 3) . The amount of clusterin in the medium harvested at 24, 48, or 72 h post-heat shock (30 min at 43°C), normalized to BSA (a component of the culture medium), increased with the duration of incubation to a similar extent as in cultures maintained at 37°C (p>1, two-way factorial ANOVA for independent samples). Although secretion of Hsp70 has been demonstrated in several cell lines (Broquet et al. 2003; Guzhova et al. 2001; Hightower and Guidon 1989) , no Hsp70 was detected in medium from spinal cord-DRG cultures either constitutively or after heat shock, assessed by Western analysis of concentrated medium. This was despite robust heat shock-induced expression within cells (p=1, twoway factorial ANOVA for independent samples) (Fig. 3b) . These results were confirmed using the dot blot technique, with sensitivity to readily detect recombinant protein above background at 0.011 μg/mL (Online resource 1). These results confirm that clusterin is constitutively secreted from spinal cord-DRG cultures and demonstrate that heat shock-induced cellular stress does not increase levels of cellassociated or secreted clusterin.
Clusterin expression is induced by the Hsp90 inhibitor, geldanamycin, in motor neurons and non-neuronal cells in spinal cord-DRG cultures
Geldanamycin is an Hsp90 inhibitor thought to induce HSPs by releasing the heat shock transcription factor 1 (Hsf1) from Hsp90 complexes in the cytosol, thereby facilitating translocation to the nucleus (Voellmy 2004) . In addition to the classical heat shock element (HSE), Hsf1 also binds to the CLE promoter element of the clusterin gene because of its close homology to HSE (Loison et al. 2006; Wilson and Easterbrook-Smith 2000) . Previous studies by our lab showed that treating spinal cord-DRG cultures with 0.01 μM geldanamycin induces expression of Hsp70 and Hsp40 in all cell types, including motor neurons (Batulan et al. 2003 (Batulan et al. , 2006 . To determine if this HSP inducer would increase clusterin expression, cultures were treated with 0.01 μM geldanamycin for 24, 48, or 72 h. Cultures were then immunolabeled with the SC-6419 anti-clusterin antibody, and protein levels were estimated by quantifying pixel density of secondary antibody fluorescence in motor neurons and astrocytes. Cultures were immunolabeled for Hsp70 (HspA1) expression as a positive control. Both clusterin and Hsp70 were upregulated by geldanamycin treatment (Fig. 4) . Clusterin levels were roughly 1.5-fold higher in motor neurons (Fig. 4a) in astrocytes (Fig. 4b ) in geldanamycin-treated cultures relative to untreated cultures (p<0.0005; one-way ANOVA). These experiments point to different mechanisms of control on expression of clusterin and Hsp70 according to the stressful stimulus and cell type.
Clusterin was not increased in cultured motor neurons or astrocytes expressing the ALS-associated mutant protein, SOD1
G93A
Our particular interest in understanding stress-induced upregulation of proteins with chaperoning activity relates to the potential therapy of neurodegenerative disorders involving protein misfolding. Thus, we investigated the effect of an ALS-associated mutant protein on clusterin expression, specifically dominantly inherited mutations in SOD1 (Rosen et al. 1993 ). Human SOD1 wt or SOD1 G93A was expressed in motor neurons by intranuclear microinjection of plasmid expression vector. Three days later, cultures were immunolabeled with anti-clusterin and anti-human SOD1 primary antibodies. Expression of cytoplasmic clusterin was measured 3 days after plasmid microinjection. Injected cells were identified by the presence of a co-injected 70-kDa dextran-FITC marker, and expression of the transgene was verified by immunolabeling with antibody recognizing human but not mouse SOD1 (SD-G6). Semi-quantitation of clusterin levels was accomplished by measuring the mean pixel density of epifluorescence in motor neuron cell bodies as described in "Materials and methods." Mean clusterin levels in SOD1 WT -or SOD1 G93A -expressing cells was not increased, but decreased, relative to non-injected cells on the same coverslip (Fig. 5a) . Thus, neither SOD1
WT nor SOD1 G93A increased clusterin expression in cultured motor neurons.
Clusterin is widely expressed in the central nervous system including in glial cells (Murakami et al. 1988; Pasinetti et al. 1994) . Previous reports indicate that clusterin is upregulated in astrocytes in conditions of cellular stress and in Alzheimer's disease (Danik et al. 1993; Giannakopoulos et al. 1998) . To assess whether expression of mutant SOD1 would increase clusterin expression in astrocytes, mouse spinal cord-DRG cultures were transfected with plasmid encoding mutant human SOD1 G93A or SOD1
WT . As expected, motor neurons were not transfected, but expression of human SOD1 was detected in a number of astrocytes, identified by double labeling with anti-GFAP. Protein levels were estimated by mean pixel density of epifluorescence following indirect immunocytochemistry with SC-6419 anti-clusterin on day 3 posttransfection. No significant difference in fluorescence Cultures were incubated in serum-free medium, which was collected after 12, 24, or 48 h of recovery at 37°C. Media were clarified by centrifugation, concentrated using 10-kDa-cut-off Nanosep tubes and subjected to SDS-PAGE/Western analysis using antibody SC-6419, which recognizes secreted clusterin. Graphed is mean pixel density ± SEM of clusterin bands relative to BSA (a component of the culture medium as loading control). Although Hsp70 (HspA1) was assessed potentially as a positive control, no Hsp70 was detected in media from heat-shocked cultures, despite robust intracellular expression in cells of the same heat-shocked cultures, as shown in b. (p=1; two-way factorial ANOVA for independent samples). Note, samples of cultures maintained at 37°C and heat shocked at 43°C shown in b were processed on the same blots intensity between SOD1
WT or SOD1 G93A transfected and non-transfected astrocytes on the same coverslips was observed (Fig. 5b) . These results indicate that expression of mutant SOD1 G93A per se had no effect on clusterin protein levels in astrocytes of long-term dissociated spinal cord-DRG cultures.
Clusterin is a constituent of mutant SOD1 inclusions in symptomatic SOD1
G93A transgenic mice Transgenic mice hemizygous for the SOD1 G93A transgene were used to investigate the effect of mutant SOD1 on clusterin expression in vivo. Lumbar spinal cords from transgenic mice G93A , or SOD1 WT as control, was expressed in motor neurons by intranuclear microinjection of plasmid expression vector. b Astrocytes were transfected with the same vectors using lipofectamine (which does not transfect motor neurons). Expression of mutant protein was verified by double labeling with antibody that recognizes human, but not mouse, SOD1 (not shown). Clusterin expression was assessed by double-label with antibody SC-6419 using Cy3-conjugated secondary antibody and quantified as pixel density of fluorescence. Graphed is mean pixel density of clusterin signals ± SEM from neurons in three cultures per condition (minimum 20 neurons per culture). Fluorescence in non-injected neurons on the same culture was also quantified as control and nontransgenic littermates were examined at ages corresponding to different stages of pathogenesis (Fig. 6, Table 2 ): early presymptomatic (P45), late presymptomatic, just prior to motor neuron loss (P75-80), and overtly symptomatic, as determined by abnormal hind limb extension reflex (>P140) . Expression of cytoplasmic clusterin was assessed by immunohistochemistry with SC-6419 antibody and compared to expression and distribution of the following proteins: SOD1 (focusing on presence in inclusions in motor neurons, a pathological hallmark of toxicity), αB-crystallin (a small HSP upregulated by stress), Iba1 (a marker of microglial activation), and GFAP (a marker of astrocyte activation). Iba1 and GFAP are markers of disease progression in ALS and other neurodegenerative disorders. Table 2 summarizes the relative intensity of immunolabeling of these proteins in lumbar spinal cord sections according to age, symptoms, and genotype. Immunoreactivity of clusterin was weakly increased in sections from overtly symptomatic SOD1 G93A mice (>P140), predominantly in dystrophic structures scattered over gray matter, similar to αB-crystallin. GFAP and Iba1 labeling were strongly increased as typically found in these mice.
The most notable clusterin abnormality was strong labeling of inclusions in lumbar spinal cord of symptomatic SOD1 G93A transgenic mice (Fig. 6b) . Clusterin-containing inclusions were co-labeled by antibody to SOD1 (Fig. 6c ), but this labeling was distinct from the distribution of Iba1 (Fig. 6e) and GFAP (Fig. 6f) . Clusterin and αB-crystallin did colocalize in some but not all inclusions (Fig. 7 ).
In summary, clusterin level was slightly increased in lumbar spinal cord of SOD1 G93A transgenic mice, but only during the period of neuronal death, reactive gliosis, and overt symptomatology, and clusterin was a constituent of mutant SOD1 inclusions.
Discussion
Protein chaperones are relevant to diseases associated with protein misfolding and aggregation, prompting the search for chemical compounds to upregulate these networks therapeutically. Our particular interest is in disorders of motor neurons and peripheral nerve. Cell types, including spinal motor neurons and astrocytes, have different sensitivities to stress-induced upregulation of HSPs (Batulan et al. 2003; Kalmar et al. 2002; Brown 1992, 1996; Robinson et al. 2005) . Clusterin is a secreted chaperone that can also be regulated by the heat shock transcription factor, Hsf1. This study evaluated clusterin expression in long-term cultures of spinal cord-DRG cultures. Both nuclear and cytoplasmic/secreted forms of clusterin were constitutively expressed in motor neurons and astrocytes, being differentially recognized by two commercial antibodies (SC-6419 and SC-8354, validated by preadsorption with recombinant clusterin) (Fig. 1) . Both similarities and differences were identified in constitutive and stress-induced expression of clusterin in these cell types in long-term primary culture and in comparison to findings in proliferating cell lines.
Previous studies in cell lines have implicated nuclear clusterin in cell death (Leskov et al. 2003; Yang et al. 2000) ; however, this was not the case in primary cultured spinal cord cells, which constitutively express clusterin in the nucleus (this study), or in rat brain following excitotoxic, deafferenting, or ischemic lesions (May et al. 1992) . Furthermore, sublethal heat shock had no effect on clusterin levels in (Fig. 2) or secretion from (Fig. 3 ) cells in spinal cord-DRG cultures, despite it being considered a stressinducible protein (Fig. 3) . Heat shock has induced clusterin in other systems including A431, MCF1, and rat sertoli cells (Clark and Griswold 1997) , but with variable speed and sensitivity. Clusterin levels in PNT1A or PC-3 cells were sensitive to imminent cell death but did not correlate with heat shock per se (Caccamo et al. 2006 ). In the Caccamo study, clusterin accumulated intracellularly following nonlethal heat shock due to inhibition, rather than increase, of secretion; however, in spinal cord-DRG cultures, neither intracellular nor secreted clusterin levels increased following thermal stress. Cells in dissociated spinal cord-DRG cultures have several properties that could influence clusterin response to heat shock. They are primary cells and a mix of cell types; they are not dividing, being either postmitotic or contactinhibited for a prolonged period. Thus, not only cell type but also mitotic status or cell-cell contact could influence clusterin regulation.
Expression of clusterin in heat-shocked motor neurons and astrocytes did not perfectly mirror stress-inducible Hsp70 (HspA1), despite both being subject to Hsf1 regulation. In motor neurons, heat shock failed to upregulate either clusterin (this study) or Hsp70 (Batulan et al. 2003) . Although astrocytes in spinal cord-DRG cultures do show a robust response to heat shock by upregulating Hsp70 (Batulan et al. 2003) , increase in nuclear, cytoplasmic, or secreted clusterin levels was not found, despite strong expression of Hsp70 (Fig. 3) .
Secretion of Hsp70 has been described in experiments using a wide variety of cell types (Broquet et al. 2003; Evdokimovskaya et al. 2010; Guzhova et al. 2001; Hightower and Guidon 1989; Mambula and Calderwood 2006) including cultured spinal astrocytes and skeletal muscle (Robinson et al. 2005) . Surprisingly, Hsp70 could not be detected in the medium of heat-shocked spinal cord-DRG cultures, despite strong intracellular expression and sensitivity of detection comparable to other studies. Although it is possible that secreted Hsp70 is bound to a more extensive extracellular matrix in these cultures, secreted clusterin was readily detected in culture medium. As discussed for clusterin above, factors such as mitotic status and cell contacts could influence secretion of Hsp70. Fig. 6 Expression of clusterin in lumbar spinal cord of symptomatic mice transgenic for mutant (G93A) SOD1 in comparison to other markers of disease progression. Mice were assessed symptomatic by abnormal hindlimb splay reflex. WT SOD1 transgenic mice were analyzed as a control for overexpression of SOD1. Shown are both low magnification images and higher magnification of specific regions. 10 μm coronal cryostat sections from symptomatic aged mice (>140 days postnatal) were immunolabeled with antibodies to a and c b and d SOD1, b and c a and c clusterin (SC-6420), d the small heat shock protein, αB-crystallin, e the microglial marker, Iba1, and f the astroglial marker, GFAP. Conditions for fixation and immunolabeling were optimized for each antibody (see Table 1 ). In a, b, d, e, and f, biotinylated secondary antibodies were used and developed using the peroxidase method. In c, fluorescent secondary antibodies were used. Arrows in a d point to inclusion bodies in sections from SOD1 G93A mice immunolabeled by anti-SOD1, a pathological hallmark. b d Clusterin antibody strongly labeled inclusions in sections of lumbar spinal cord from these mice; c d labeling of sections with both antibodies revealed coexistence of clusterin and SOD1 in the same inclusions. d Inclusions positive for αB-crystallin were also present (arrows in d d). Antibodies against Iba1 (e) and GFAP (f) revealed activation of microglia and astrocytes, respectively, in SOD1 G93A sections, a known pathological feature of disease in these mice. Characterization of abnormalities observed at different stages of disease are presented in Table 2 Previous work by our lab has shown that Hsp90 inhibitors increase expression of Hsp70 and Hsp40 in motor neurons, although heat shock does not (Batulan et al. 2006) . The same exposures to the Hsp90 inhibitor, geldanamycin, induced upregulation of clusterin expression in both motor neurons and astrocytes, in fact generally in cultured spinal cord-DRG cells in parallel with Hsp70 (Fig. 4) . Hsp90 inhibitors are thought to free Hsf1 from Hsp90 complexes in the cytoplasm, Fig. 7 Clusterin colocalizes with αB-crystallin in some but not all inclusions in lumbar spinal cord of symptomatic SOD1 G93A transgenic mice; 10 μm coronal cryostat sections through the lumbar spinal cord were labeled with both goat anti-clusterin (SC-6420, green) and rabbit anti-αB-crystallin (red). b and d are higher magnifications of boxed regions of images in a and c resulting in its translocation to the nucleus and binding to heat shock elements (HSE) (Voellmy 2004) . The CLU element in the clusterin gene promoter has sequence homology with HSE , but whether geldanamycin upregulates clusterin through Hsf1 is not known. The clusterin promoter also contains an activator protein-1 domain which could be involved (Trougakos and Gonos 2006) . Clearly, regulation of HSP and clusterin expression is complex and not completely understood. Even the mechanism by which Hsp90 inhibitors result in Hsf1 activation and HSP expression is unclear (Batulan et al. 2006; Taylor et al. 2007a; Taylor et al. 2007b ). Regardless of the mechanism, clusterin upregulation could contribute to the neuroprotective properties of this class of drug. Previous studies from our lab and others have demonstrated effectiveness of Hsp90 inhibitors in models of neurodegenerative disorders including ALS due to mutations in SOD1 (Batulan et al. 2006) . Mutant SOD1 proteins associated with familial ALS are secreted from cells, an important factor in their toxicity (Turner et al. 2005; Urushitani et al. 2006) . Clusterin secreted from neurons or astrocytes could be protective by chaperoning misfolded SOD1 in the extracellular space. In addition, clusterin suppresses inflammatory responses through several mechanisms (Falgarone and Chiocchia 2009 ) and could attenuate neuroinflammation, which is an important process in progression of ALS and other neurodegenerative disorders (Villoslada et al. 2008 ). Thus, we investigated the effect of mutant SOD1 on clusterin expression in established culture (Fig. 5) and transgenic mouse models of this form of ALS (Figs. 6 and 7) . Expression of the mutant protein per se was not sufficient to induce clusterin expression in either model. However, in symptomatic SOD1
G93A transgenic mice, weak increase in clusterin immunolabeling was detected in sections of lumbar spinal cord and antibody against cytoplasmic/secreted clusterin strongly labeled mutant SOD1 inclusions, a pathological hallmark of the disease. Increased clusterin mRNA levels have been detected in the motor cortex and spinal cord from cases of sporadic ALS (Grewal et al. 1999 ) and increase in clusterin has been found in other neurodegenerative disorders as well, including Alzheimer's disease (Ghiso et al. 1993; Giannakopoulos et al. 1998; Lidstrom et al. 1998; May et al. 1989; Polihronis et al. 1993) . Our data in SOD1 G93A transgenic mice suggest that increase in clusterin is a late injury response in this model associated with both neuronal degeneration and gliosis.
The identification of clusterin in neuronal inclusions in these mice is consistent with other constituents associated with protein quality control including Hsc70, ubiquitin, and proteasome subunits (Watanabe et al. 2001 ).
In conclusion, as with other chaperones, regulation of clusterin is complex and variable with cell type and conditions. Its particular role as an extracellular chaperone could be highly relevant to neurological disease, and it should be considered along with HSPs when chaperone-based therapies are being evaluated. When screening for compounds to upregulate these proteins, it is important that the experimental model replicate the control mechanisms operant in the cells and tissue of interest.
